Introduction
'What do you see?' asks the neuroscientist interested in visual consciousness. 'Well, right now, I see an article page, words and sentences, some titles highlighted in bold or italics . . .' would answer the reader of this paper. In laboratory experiments, a standard way to measure visual consciousness is simply to ask to subjects whether or not they saw the stimulus. So far, studies aiming at understanding the neural basis of perceptual consciousness have mostly concentrated on the mechanisms bringing a specific content to the forefront of the mind [1] [2] [3] : why words rather than paper or screen texture are reported, or why a stimulus is seen or missed. In other words, the research programme on perceptual consciousness focused on the sensory and cognitive steps triggered by the stimulus itself which contribute to the report 'I saw the stimulus' that operationally defines visual consciousness. We argue here that to understand fully how the basic statement 'I saw the stimulus' can be produced, one has to consider the nature and biological implementation of the 'I' as well.
We introduce here the idea of a neural subjective frame, corresponding to neural mechanisms defining the organism as a unified entity to tag biologically your conscious experience as belonging to you. The existence of such a mechanism is necessary for perceptual consciousness, to be able to report 'I see something' or 'I hear something'. It is indeed a hallmark of conscious percepts that they belong to the observer, and the observer never fails to perceive them as his or her own experience. A comprehensive model of perceptual consciousness should therefore include a biological implementation for this subjective frame. Note that to have your own visual conscious experience, you do not need to be reflectively and/or explicitly aware of the subjective frame. Implicit, pre-reflective, subjective aspects of perceptual experience have been largely underestimated in neural theories of consciousness so far, although philosophers of phenomenology [4 -8] and some neuroscientists [9 -14] acknowledged their existence and importance. We explore those issues in §2, which is devoted to the definition and properties of the subjective frame.
We further propose that the implicit neural subjective frame is based on the neural representation of afferent bodily signals. Bodily signals can arise from two distinct systems. One system corresponds to sensory-motor interactions, involved for instance, when reaching and grasping for a glass of wine. It seems unlikely that this type of bodily afferences is a core constituent of conscious perceptual experiences, because locked-in patients, who are fully paralysed and whose brain does not receive any feedback on action performance, nevertheless consciously experience the world around them [2] . It therefore seems more promising to turn to another type of brain -body interactions that involves vital internal organs such as the heart or the gut that are constantly monitored and regulated by the central nervous system. In § §3 and 4, we describe the pathways of visceral integration, and examine existing experimental evidence suggesting a link between perceptual experience and cardiac information.
In this study, we propose the existence of an implicit neural subjective frame based on afferent visceral information and inherent to conscious perceptual experience. This proposal has two important implications. First, it constitutes an important step towards explaining the subjective nature of perceptual experience, because it offers a biological mechanism for the first-person perspective inherent in subjective perceptual reports. Second, it creates a link between different aspects of subjective experience: perceptual experience, but also self-consciousness and emotional feelings. Indeed, emotions, although rarely discussed in the framework of consciousness studies (but see [15, 16] ), have an important subjective component.
Definition and properties of the subjective frame (a) Introducing the concept of subjective frame
Conscious perceptual experiences are by essence private and subjective [17] : when I see a bunch of flowers, it triggers a specific feeling that is vivid yet difficult to describe, and that cannot be directly compared with yours. The terms to describe this constitutive aspect of conscious perceptual experience range from sensation [18] , to phenomenal consciousness [19] or qualia [20] . In intuitive terms, a conscious perceptual experience refers to the way external information appears to us via our senses. Transposed to laboratory experiments, detecting a stimulus at threshold is subjective: there is no true or false experience of a stimulus at threshold. What the subject reports may not correspond to what was presented on the screen, but the subject knows what he or she has experienced, and this subjective aspect has to be accounted for.
The private and subjective dimension of perceptual consciousness has often been considered as a major difficulty for empirical studies of perceptual consciousness. As stated in the influential paper by Crick & Koch [21, p. 264] , 'there is also the problem of qualia. Some argue that certain aspects of consciousness [. . .], being essentially private, cannot in principle be addressed in any objective, scientific study. We feel that this difficult issue is, for the moment, best left on one side'. This advice was indeed followed: theories of perceptual consciousness concentrate on the cascade of events triggered by stimulus processing, be it availability in a global frontoparietal workspace [3, 22] , integration/segregation [23] or recurrent processing [24] . The field remains either mute or elusive on the issue of the subjective dimension of experience, although new behavioural measures based on first-person methodologies are being developed to try to specifically capture this fundamental property [13, 25] . The existing neural theories of consciousness sometimes seem to imply that the first-person perspective inherent to conscious perceptual experience would arise somehow from externally triggered signals. However, the first-person perspective does exist even in the absence of sensory stimulation, and should pre-exist perceptual experience: there cannot be a conscious experience from no one.
In a similar manner, most experiments on perceptual consciousness have concentrated so far on stimulus-related neural events and left aside the issue of subjectivity. For instance, at threshold for consciousness, a subject being presented with the same physical sensory information at each trial would sometimes report a hit, corresponding to the statement 'I saw (or heard, or felt) the stimulus' and sometimes a miss, corresponding to 'I did not see (or hear, or feel) the stimulus'. Such fluctuations are typically attributed to fluctuations in the sensory and/or cognitive processing of the stimulus. However, the statement 'I saw the stimulus' contains two parts: one related to the stimulus, and the other, most often overlooked, related to the 'I'. Fluctuations in the 'I', or in the strength of the connection between stimulus processing and the 'I' could also account for hits and misses.
We define the neural subjective frame as the basic biological mechanisms defining the subject as a biological entity, as an anchoring point from which the first-person statements characteristics of consciousness (I see a flower, I hear a construction site, etc.) can be expressed. Indeed, for a sensory experience to take place, perceptual processing has to be referred to the subject to become consciously experienced: when I report seeing a square rather than a diamond, or a face rather than a vase, this is my visual experience, my own perspective, and it is because of this firstperson perspective that I have a subjective conscious sensory experience. As detailed in § §3 and 4, we argue that the neural subjective frame is a low-level building block of subjective experience which is not explicitly experienced by itself that is necessary but not sufficient for perceptual experience, and that could underlie not only perceptual experience, but also self-consciousness and subjective emotional feelings.
(b) Properties of the subjective frame (i) The subjective frame is not explicitly experienced by itself
It is important to underline here that the subjective frame is not experienced in itself: one does not have to be thinking explicitly about oneself as experiencing a flower to experience the flower and report 'I see a flower'. Another way to express this notion is that the presence of an active subjective frame linked to perceptual information does not imply explicit self-consciousness. Indeed, we insist that the subjective frame is not a reduced version of the explicit self, and in this sense, our proposal differs from the previous concept of the 'minimal self' developed in the literature.
Indeed, the concept of subjective frame presented here is reminiscent of the concept of 'minimal self' developed by a number of authors. For instance, Gallagher [6] proposed the concept of the 'minimal self' which is defined as 'a consciousness of oneself as an immediate subject of experience' and includes aspects such as sense of body ownership and agency. Similarly, 'pre-reflective (bodily) self-consciousness' means 'the most primitive form of self-consciousness corresponds to the subjective dimension of experience' [5] . Recently, Blanke & Metzinger [12] proposed a similar concept called 'minimal phenomenal selfhood' whose central defining features are global body ownership, self-location and first-person perspective. According to Vogeley [26] , taking a first-person perspective which is necessary for human selfconsciousness entails operating in an egocentric reference frame. Finally, Damasio [14] proposed a concept close to the neural subjective frame called the 'proto-self', defined as 'a coherent collection of neural patterns which map, moment by moment, the state of the physical structure of the organism in its many dimensions'. Those proposals share with ours the idea of a basic building block to enable first-person experience. However, the terms 'minimal self', 'minimal selfhood' or even 'proto-self' tend to be misleading, because they suggest a strong bias towards explicit self-representation and reflective self-consciousness.
(ii) The subjective frame is necessary, but not sufficient, for subjective experience
The neural subjective frame would bring in an important element: it would enable the 'I' by referring sensory information to the subject. The subjective frame is therefore necessary for any percept to be subjectively experienced. However, the subjective frame is not by itself sufficient to create a conscious perceptual experience (figure 1): without any activity in sensory-related areas, for instance, there should be no percept, at least in normal subjects. Unconscious information processing, such as in implicit priming for instance, would correspond to sensory processing that failed at connecting with the neural subjective frame. Similarly, during sleep, the subjective frame does not necessarily have to be mute, it is sufficient to disconnect it from sensory processing. Until now, we have proposed that the neural subjective frame is necessary for perceptual consciousness. We would like to go one step further and argue that this subjective frame is one of the most fundamental and intrinsic building block of every subjective experience. Subjectivity is a fundamental characteristic of perceptual consciousness, but this fundamental property of subjectivity is inherent to other concepts, namely self-consciousness and emotional feelings. It follows that the role of the subjective frame should be extended to those other concepts (figure 1). Self-consciousness refers to the ability to identify one's own thoughts and feelings, as well as one's own personality traits, etc.: it refers explicitly to the self. The subjective frame would therefore also be necessary in this case, as already underlined by a number of authors [5, 6, 12, 14, 26] . Emotions can be considered as being composed of two components: one being tightly related to the production of behavioural responses necessary for survival or maintenance of well-being [27] , the other being the subjective feeling associated with an emotional stimulus or an emotional situation [15] . Emotional feelings, similar to perceptual experiences, are by essence subjective and private. Just as there is no true or false visual experience when being presented with a stimulus at threshold, there is no true or false emotional feeling triggered by a piece of art: only the subject experiencing an emotional feeling knows what it is like to experience this feeling.
(c) Rooting the subjective frame in the neural representation of visceral signals
We are attempting here to identify a biological mechanism that could enable subjective experiences-be they perceptual, reflective or emotional. There is a general consensus that brain -body interactions matter for self-consciousness [12, 14, 28, 29] or emotions [9, 30] . We argue here that brainbody interactions are also a critical component of conscious perceptual experience. Can we be more specific about the type of brainbody interactions involved? Sensory-motor integration has been proposed to underlie the sense of agency/body ownership [6] or more generally self-specifying processes [5] as well as perceptual consciousness [31] . We discarded neural subjective frame perceptual consciousness self-consciousness emotional feelings Figure 1 . The neural subjective frame. Ascending visceral information from the heart and the gut targets cortical sites, including posterior insula, ventral anterior cingulate, amygdala and somatosensory cortex. We propose that this neural representation of visceral information creates the neural subjective frame that interacts with sensory processing to create the first-person perspective inherent to subjective perceptual consciousness. The neural subjective frame would be also be necessary to other types of subjective experiences, self-consciousness and emotional feelings.
rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 369: 20130208 sensory -motor interactions, because sensory -motor theories cannot account for consciousness in the locked-in patients [2] . Following Damasio's [14] proposal of the proto-self, we argue here that a likely candidate for the subjective frame is brain -viscera interactions. The central nervous system continuously monitors the state of internal organs such as the heart or the gut, to refine the homeostatic regulation of multiple biological essential parameters, from heart rate and blood pressure to stomach contraction. This monitoring remains at least partially functioning in locked-in patients [32] . Visceral monitoring is anchored in multiple neural systems, as detailed in §3a. It can operate at multiple time-scales, signalling short-lived events such as a heartbeat or longer-lasting states such as digestion. This multiplicity of time-scales makes it ideally suited to constitute the biological basis for the subjective frame, because it provides both a sense of continuity across long time-scales as well as the possibility to react quickly to external events. Because we are interested in biological mechanisms that can operate at the fast time-scale of conscious perception, we focus more on heart-brain interactions in § §3 and 4.
The biological basis of the subjective frame
Numerous pathways connect internal organs such as the heart or the gut to the neocortex in the multiple loops that are important for homeostatic regulation [32] [33] [34] . Here, we concentrate first on the nature of the information that is being relayed, and then on ascending pathways and cortical structures receiving signals from internal organs, mainly posterior insula, ventral anterior cingulate cortex, amygdala and somatosensory cortex.
(a) Internal bodily signals map onto multiple areas through multiple anatomical pathways
Signals from internal organs such as the heart or the gut arise from mechanosensory and chemosensory neurons transmitting information about the internal state of the body. Those neurons can be sensitive to physiological parameters having slow time constants, such as peptide concentration in the gut [33] , or can reflect much faster events, such as mechanosensory neurons transiently emitting spikes at specific phases of the cardiac cycle [35] . The information relayed by visceral neurons can therefore inform the central nervous system on bodily state at multiple time-scales. Ascending visceral afferents can enter the brain either through cranial nerve pathways or through spinal relays. The vagus nerve pathway targets the nucleus of the solitary tract in the brainstem and from there the parabrachial nucleus, before projecting to the ventromedial basal nucleus of the thalamus [32] . The spinal pathway originates from dorsal horn sensory neurons responding to visceral sensory afferents. Spinal visceral afferents can target, directly or indirectly, the posterior ventromedial nucleus of the thalamus [28, 32] . From the thalamus, visceral afferents target the posterior insula [9, 28] . In addition, the nucleus of the solitary tract projects to the ventral anterior cingulate cortex [36] . The amygdala also receives afferent visceral information directly from the parabrachial nucleus [37] and the nucleus of the solitary tract [36] . Last but not least, spinal visceral afferents can also converge with musculoskeletal and cutaneous afferents to reach the somatosensory cortex through spinothalamic and spinoreticular tracts [32] .
Visceral afferents therefore target multiple cortical sitesposterior insula, ventral anterior cingulate cortex, amygdala, somatosensory cortex-through numerous pathways. These two properties-wide cortical availability and redundant pathways-are an important prerequisite for the point we want to make, namely that visceral afferents constitute a neural basis for the subjective frame. First, because information about the internal state of the body is represented in many different and well-connected structures, most other cortical sites are likely to receive, through one or two relays, information about bodily state. The neural subjective frame is therefore easily available and can potentially interact with most sensory processes to refer perceptual experience to the subject. Second, the redundancy of anatomical pathways and target sites of afferent visceral information implies that only massive, probably lethal, lesions could suppress or at least markedly alter the representation of internal bodily information. Indeed, disorders affecting all three types of subjective experience (self-experience, conscious perception and emotional feelings) are not reported. Besides, locked-in patients who suffer from major spinal cord injury, although having problems at homeostatic regulation, nevertheless still receive information on bodily states through the cranial nerve route [32] .
(b) The brain registers each heartbeat occurrence
As mentioned in §3a, visceral state can vary at multiple timescales. However, because we are interested in biological mechanisms that can operate at the fast time-scale of conscious perception, we focus on heart -brain interactions in the rest of the paper.
The heart acts as a spontaneously occurring stimulus and sends information to the central nervous system at each heartbeat. Animal studies revealed that mechanoreceptors in the heart wall transiently discharge a small burst of spikes at specific phases of heart contraction [35] , information that can be relayed to the cortex through the pathways described in §3a. In humans, the cortical processing associated with the afferent signals from the cardiovascular system can be studied by measuring the heart-evoked response (HER). The HER is an evoked potential to heartbeats, obtained by averaging electroencephalogram (EEG) activity locked to the main peak of the electrocardiogram (ECG; [38] ; for review, see [39] ). The HER is characterized by a broad frontal and frontocentral distribution. HER amplitude correlates with the mechanical strength of myocardial action measured by a stroke volume per time unit in normal participants [39] and with stress-induced cardiac responses in cardiovascular patients [40] . Bearing in mind the intrinsic limitations of EEG dipole modelling, HER sources were found in the ventral anterior cingulate, the right mid-posterior insula, right inferior parietal regions and somatosensory cortices [41] . Recently, direct evidence for a robust HER in the human primary somatosensory cortex was obtained from electrocorticographic (ECoG) data recorded in epileptic patients [42] .
A more indirect way to look at the links between brain and heart is to search for brain regions whose activity covaries with heart-rate variability. Indeed, normal heart activity is characterized by beat-to-beat variability over both short and long time-scales [43] . A meta-analysis of task-induced changes in heart-rate variability [44] reveals a consistent correlation of rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 369: 20130208 ventral anterior cingulate and amygdala with heart-rate variability, independently of the nature of the task (emotional or motor). The implication of these two structures is confirmed at rest [45, 46] . It is, however, difficult to infer from such studies whether the neural correlates of heart-rate variability represent neural responses to afferent cardiac information relevant to the subjective frame, or simply efferent neural activity contributing to heart-rate regulation.
The HER constitutes an interesting potential building block of the neural subjective frame: although heartbeats are most often not explicitly consciously experienced, information about heartbeats is registered in the brain. Explicit conscious perception of heartbeats is not necessary for the existence of a HER, as clearly demonstrated in ECoG data [42] . Moreover, HER amplitude fluctuations in the absence of explicit heartbeat perception do have functional correlates: HER amplitude correlates with subjective pain ratings [47] , and HER amplitude is enhanced when subjects rate the emotional expression of a face as compared with when they judge the symmetry of a face [48] .
(c) Listening to one's heart: explicit interoceptive tasks Brain responses to cardiac events occur automatically, but they are enhanced when cardiac events become taskrelevant, such as when subjects have to count their own heartbeats. Although we argue that the neural subjective frame corresponds to the implicit processing of internal bodily information, it is worth briefly reviewing the literature on explicit interoceptive perception.
The amplitude of the HER is modulated by heartbeats' task-relevance [49] , and the modulation is all the more pronounced when subjects have been trained to perceive cardiac information [50] and are motivated [39] . HER amplitude in the heartbeat perception task is a good predictor of subjects' explicit interoceptive abilities: HER amplitude is larger in good heartbeat perceivers compared with bad heartbeat perceivers [51] , and HER amplitude is decreased in depressed patients who showed less accurate heartbeat perception than normal controls [52] .
Critchley et al. [53] showed in an fMRI study that explicit cardiac perception increased activity in multiple brain regions, including the posterior and anterior insula, dorsal anterior cingulate, somatomotor cortices, etc. Among those numerous regions, grey matter volume of the right anterior insula correlated with both explicit interoceptive abilities and anxiety scores. The multiplicity of both visceral anatomical pathways and cortical regions linked to visceral information processing makes it likely that interoceptive abilities should be resistant to lesions. Indeed, a patient with massive bilateral insula and anterior cingulate damage performed well at the heartbeat detection task. His cardiac sensation was impaired only when the somatosensory pathway was disrupted as well, by applying an anaesthetic on the skin [54] . Despite those results, the anterior insula has been proposed to play a unique role in the emergence of the 'I feel' (cold, hungry,. . .), based on neuroimaging studies showing that several different kinds of feeling states are uniquely associated with anterior insula [28, 29, [55] [56] [57] . The specific role of the anterior insula remains controversial, and we will not review it exhaustively here [58] ; however, it is worth mentioning the recent proposal that the anterior insula could play a specific role in computing an interoceptive prediction error to implement subjective states [16] .
The processing of external stimuli and the cardiac cycle
Heartbeat information is systematically transmitted to multiple brain regions through multiple pathways, even when one does not pay attention to it. If the neural information related to cardiac monitoring represents, as we argue, a building block of the neural subjective frame necessary for perceptual consciousness, then the neural information related to cardiac monitoring should interact somehow with the processing of external stimuli. This hypothesis has not been directly tested yet (but see endnote 1 ). However, a number of studies investigated the link between the processing of external stimuli and cardiac activity itself (rather than with the neural monitoring of cardiac activity). Those studies, reviewed below, reveal that simple perceptual tasks involving emotionally neutral stimuli can both impact and depend on cardiac activity itself: perceiving a stimulus can transiently alter the heart rate, and both behavioural performance and neural sensory processing can sometimes be modulated depending on when the stimulus is presented in the cardiac cycle.
(a) Transient heart-rate changes during perceptual decision-making
Transient changes in heart rate can be triggered by external stimuli and cognitive events, resulting in a transient lengthening or shortening of a given inter-beat interval. In a simple forewarned perceptual reaction-time task, the heart follows a typical pattern of deceleration followed by an acceleration. The initial findings were obtained by Lacey & Lacey back in the 1960s (for review, see [59, 60] ): in response to a warning stimulus, indicating the beginning of a trial, the heart decelerates. This effect has been associated with anticipatory preparation involving sustained attention to the environment, and called the 'bradycardia of attention' by Lacey & Lacey. The amplitude of the deceleration depends on taskrelevance and time uncertainty [61] . Once the stimulus is presented and subjects respond, the heart accelerates again. This effect is all the more pronounced when the detected stimulus occurs early in the heart cycle [60] . Those results have since been reproduced by a number of groups [61, 62] . Those results imply that a hidden but robust covariate in simple forewarned reaction-time task is heart deceleration/ acceleration, a fact seldom taken into account in imaging studies [63] , although differential activation between two conditions attributed to differences in cognitive processing could actually correspond to differential activity of brain regions either receiving heart information or controlling heart rate.
(b) Modulation of behavioural performance throughout the cardiac cycle
The cardiac cycle is characterized by a series of contraction and relaxation of the atria and ventricles, reflected by the peaks of the ECG. The most prominent event in the ECG is the R peak corresponding to ventricular depolarization, followed about 250 ms later by the T peak. Both ventricular and aortic pressures are maximal (systole) between the R and T peaks. In a simple reaction-time auditory task, Birren et al. [64] initially reported a modest but robust reaction-time lengthening when the stimulus is presented around the R peak of the ECG.
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Despite some early failures at replicating those findings [62, 65, 66] , an increase of about 10 ms in reaction times around R peak in simple reaction-time tasks with suprathreshold auditory [67, 68] , visual [67, [69] [70] [71] or tactile [68] stimuli has consistently been observed.
Another series of studies attempted to test whether sensitivity to stimuli at threshold varied depending on the timing of the stimulus with respect to the cardiac cycle, with limited success. Timing with respect to the cardiac cycle had no influence on visual [72] and auditory [73, 74] sensitivity. Evidence is less clear-cut in the case of cutaneous stimuli: sensitivity to cutaneous stimuli either at threshold for perception [75] or around pain threshold [76] was found to increase when the stimulus was presented about 300 ms after the R peak of the ECG. However, cardiac phase had no effect on pain ratings of nociceptive cutaneous stimuli above pain threshold [77] .
Beyond detection, a few studies have investigated the influence of the phase of the cardiac cycle on behaviour in more complex tasks pertaining either to emotional feelings or to explicit self-representation. There is so far only limited evidence that emotional processes are influenced by cardiac phase. In an attentional blink paradigm, emotional words were equally detected on systole and diastole and with equal confidence, although a later subsequent memory test showed a reduced recall of words initially presented at systole [78] . Emotional appraisal of briefly presented faces did not differ between systole and diastole, although a direct test on each emotion separately (happiness, sadness, disgust and neutral) revealed that the expression of disgust was judged more intense when the face was presented on systole [79] . More strikingly, illuminating a virtual body in synchrony with the subject's heartbeats increased self-identification with and self-location towards the virtual body [80] . This experiment does not reveal whether heartbeats alone can alter self-representation, but it demonstrates that the temporal congruency of internal (heartbeats) and external (virtual body illumination) stimuli alters self-related experience.
(c) The neural processing of sensory stimuli depends on the cardiac phase
As reviewed above in §4b, the timing of the stimulus in the cardiac cycle can affect at least some aspects of behavioural performance. It follows that neural responses to external stimuli could also depend on the phase of the cardiac cycle. Indeed, early markers of sensory processing are sensitive to cardiac timing: both the auditory N1 [81] and visual P1 [82] components of sensory-evoked potentials are larger when arterial pressure is low. Similarly, response evoked by nociceptive stimuli is enhanced during diastole [83] , especially when nociceptive stimuli are expected [77] . Depending on cardiac phase, somatosensory stimuli evoked different changes in blood pressure and differential blood oxygen level-dependent responses in right amygdala, left anterior insula and brainstem nuclei [84] . However, the link between fluctuations in neural response amplitude and behaviour was either not tested [81, 82] or absent [77, 83] . Whether amplitude fluctuations of neural sensory responses along the cardiac cycle directly translate in behavioural performance therefore remains an open issue.
(d) What those studies do and do not tell us about subjective experience
The experimental studies reviewed in §4a-c provide solid evidence that cardiac phase affects an objective aspect of perception (speed of response to suprathreshold stimuli). However, more subjective aspects of perception, such as the facilitation of the detection of stimuli at threshold, do not appear to be affected. As detailed below, those findings actually neither refute nor confirm the subjective frame hypothesis, because they tap onto a different issue. With a few exceptions [80] , the above-listed studies were inspired by the baroreceptor hypothesis developed by Lacey & Lacey [59, 60] . Briefly, baroreceptors located in arterial walls register changes in blood pressure at each heart cycle as well as changes in mean blood pressure, and trigger the socalled baroreflex to maintain a stable blood pressure. Lacey & Lacey proposed that baroreceptor activation during systole inhibits sensory-motor functions. During diastole, baroreceptors are silent, and sensory function would be facilitated. Discussing in detail the validity of this hypothesis is beyond the scope this paper [34, 61] . What is important to underline here is that all those studies tested whether cardiac information itself impacted perception.
The hypothesis of the neural subjective frame is different. In our view, subjective aspects of perceptual experience depend on how the brain registers information on the heart. The precise value of cardiac or vascular parameters is not necessarily informative. What matters is how the brain registers cardiac or vascular parameters in multiple neural representations of the internal bodily state to create the basis for the subjective framework. In other words, the subjective aspects of conscious perception, self-experience or emotional feelings should not be directly modulated by the state of the heart itself, but by how the brain responds to the heart. 1 
Conclusion
We argue here of the necessity to introduce a neural mechanism to account for the subjective dimension of perceptual experience. This mechanism would be based on the constantly updated neural maps of the internal state of the body and create a neural subjective frame from which first-person experience can be reported. It is important to underline that the neural subjective frame does not have to generate a conscious feeling of bodily state to tag the subject's conscious experience as belonging to the subject. Visceral information, as reviewed in this paper, but also potentially proprioceptive information [12, 85] , may fuel the neural subjective frame.
So far, direct evidence for our hypothesis is missing. However, we reviewed indirect arguments in favour of our model. First, the multiple anatomical pathways and cortical target sites of visceral information show that visceral information is redundantly represented in the brain and hence widely available to most cortical structures through short pathways. It follows that integrating the neural subjective frame with sensory information is biologically feasible. Second, heart-rate changes, traditionally associated with emotional processing, are also triggered by perceptual, emotionally neutral events. Third, behavioural performance and sensory processing can, sometimes, be altered depending on cardiac phase. However, to directly probe for the existence of the neural subjective frame, one would need to measure not cardiac activity itself, but the neural response to heartbeats for instance, in relation to perceptual experience, self-consciousness and emotional feelings.
Our hypothesis implies that at some point, neural responses to visceral inputs should be integrated with neural rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 369: 20130208 responses to stimuli from the external world. This issue pertains to the very general question of integration of information encoded in distributed regions that can potentially rely on two distinct types of mechanism. One possibility is that neural responses to internal and external inputs converge onto multisensory regions in a hierarchical architecture. While such multisensory convergence regions may exist, it seems unlikely that one single region ultimately combines all information from all sources of external and internal inputs into a single, unified conscious experience. The other possibility is that those regions that respond to visceral input coordinate their activity with those areas that respond to external stimuli, through inter-area communication. Inter-area communication would be facilitated by the wide cortical availability of neural responses to visceral inputs: because information about bodily state is redundantly represented in well-connected cortical regions, inter-area communication with either the visual, auditory or somatosensory systems should relatively easy to establish through short communication pathways. The advantage of this view is that it does not require a single region to act as a central controller [86] . Inter-area communication could be established through coordination mechanisms such as oscillatory synchrony [86] . More recently, predictive coding and the free-energy principle have been proposed as rules governing inter-area communication [87] . A major difference between those two mechanisms is that predictive coding requires the existence of a hierarchical architecture, which potentially reintroduces the need for convergence areas at the top of this hierarchy. Besides, predictive coding involving interoception has been proposed to account for explicit self-processing and bodily illusions such as the rubber hand [16, 88] . In the case of the implicit subjective frame we are discussing here, it is not clear what the predictions of the system could be.
Our proposal has an important unifying power. First, as developed throughout the paper, it offers a common biological source, the neural subjective frame, to different types of subjective experiences that have been most often considered separately: self-consciousness, perceptual experience and emotional feelings. Second, it could also reconcile two aspects of consciousness that have so far been most often studied separately: state consciousness, related to vigilance states such as being awake or asleep, and transitive or content consciousness, that refers to being conscious of the external world or of oneself. State and content consciousness have been proposed as main targets for the neural correlates of consciousness programme [2, 3] , but have not been considered in the same comprehensive framework. We developed here the idea that the neural subjective frame is necessary for content consciousness. Because the neural subjective frame is tightly linked to homeostatic regulations involved in vigilance, it is also potentially relevant for state consciousness. 
